Abstract. Colorectal cancer has a relatively low sensitivity to paclitaxel. The purpose of this study was to investigate the role of connexin 43 (Cx43), which is a structural component of gap junctional communication (GJC), in paclitaxel cytotoxicity in colorectal cancer cells. Three colorectal cancer cell lines (HCT106, HCT116 and LoVo) were transfected with Cx43 and used to examine paclitaxel cytotoxicity. A western blot assay was used to confirm Cx43 expression in transfected cell lines as well as the expression of several proteins that are associated with paclitaxel cytotoxicity. A parachute dye-coupling assay was used to measure GJC function. An MTT assay was used to analyze the viability of paclitaxel-treated cells. Cx43 expression level and GJC function were significantly upregulated by the transfection (P<0.05). The viability of transfected cells was significantly inhibited compared with that of untransfected cells when treated with paclitaxel (20 or 80 nM) at high culture density but not at low culture density (P<0.05). Cx43 transfection significantly increased the mitotic arrest, tubulin polymerization and apoptosis effects of paclitaxel (P<0.05). It was also found that paclitaxel had an inhibitory effect on GJC function after 12 h of treatment in LoVo cells (P<0.05). These results indicate that Cx43 may serve as a target of paclitaxel chemotherapy for colorectal cancer.
Introduction
Colorectal cancer (CRC) is one of the most common types of malignancy worldwide (1) . Although surgery is the most effective treatment option for CRC, chemotherapy is also used to control tumor growth and reduce recurrence (2) . The application of novel antitumor drugs has improved the prognosis of CRC; however, intrinsic or acquired chemoresistance is frequently encountered during chemotherapy (3) . Therefore, there it is necessary to understand the molecular mechanisms underlying drug resistance.
Paclitaxel, a member of the taxane class of agents, has been widely used as an antineoplastic agent for >20 years and is effective in the treatment of a number of types of cancer and other malignancies (4) (5) (6) . Paclitaxel binds to tubulin and stabilizes microtubule filaments to induce mitotic arrest during the G 2 /M phase and promote apoptosis (7) . However, as a single agent, paclitaxel has low cytotoxicity in adenocarcinoma of the colon or rectum (8) . There are multiple known mechanisms of paclitaxel resistance, such as microtubule mutations (9) , upregulation of survivin expression (10) and protein kinase B/extracellular signal-regulated kinase activation (11) , and additional factors continue to be evaluated.
Previous studies have demonstrated that connexins, a group of tumor suppressor genes, are potential anti-oncogenic targets for chemotherapy, and the upregulation of connexin expression can increase sensitivity to antitumor drugs in many cancer types (12, 13) . Connexins form gap junctions, which are important intercellular channels. The downregulation of connexin expression and loss of gap junctional communication (GJC) are important events in carcinogenesis (14) . Connexin 43 (Cx43) is a member of the gap junction protein family of connexins and is widely expressed in different tissues to provide GJC (15) . Expression of Cx43 is reduced in many types of cancer; however, some cancer cell lines exhibit a substantial level of Cx43 expression, such as human mammary carcinoma (16) and CRC (17) . Thus, it was speculated that Cx43 expression level may be associated with paclitaxel cytotoxicity in CRC.
In the present study, the influence of Cx43 expression on paclitaxel cytotoxicity was evaluated in three CRC cell lines. The results of this study may be relevant in the development of a new paclitaxel-based chemotherapy strategy for patients with CRC and a high level of Cx43 expression.
Materials and methods
Reagents and antibodies. All cell culture media, trypsin and antibiotics were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and fetal bovine serum (FBS) was purchased from HyClone (GE Healthcare Life Sciences, Logan, UT, USA All cell lines were cultured at 37˚C in an atmosphere containing 5% CO 2 in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin.
Cx43 transfection. Total RNA was extracted from LoVo cells at confluence by TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 5 µg of total RNA was used for cDNA synthesis using BeyoRT cDNA synthesis kit (D7166; Beyotime Institute of Biotechnology, Haimen, China). The reverse transcription reaction mixture contained 5 µg total RNA, 1 µl random hexamer primer and diethyl pyrocarbonate -treated water to produce a final volume of 12 µl. After incubation in 70˚C for 5 min, the mixture was cool down on ice, the following agents were added: 4 µl reaction buffer, 1 µl RNase inhibitor, 2 µl dNTP mix and 1 µl reverse transcriptase. The mixture was gently mixed and centrifuged transiently at 6,000 x g at 4˚C. The supernatant was incubated at 25˚C for 10 min and 42˚C for 60 min. The reaction was terminated by incubation at 70˚C for 10 min and the product was used for the following polymerase chain reaction (PCR). cDNA of the human Cx43 coding region was amplified by PCR using PCR kit with Taq (D7232; Beyotime Institute of Biotechnology) according to the manufacturer's instructions. The Cx43 primers used were as follows: forward, 5'-cacaattgagtggaatcttgatg-3'; reverse, 5'-caa cat ggg tga ctg gag c-3'. β-actin was used as the control. The β-actin primers used were as follows: forward, 5'-gtg ggg cgc ccc agg cac ca-3'; reverse, 5'-cttccttaatgtcacgcacgatttc-3'. The PCR reaction mixture contained 5 µl 10xPCR buffer, 4 µl 2.5 mM dNTP, 0.1 µg template, 2 µl primers, 0.25 µl Taq DNA polymerase, and was added to 50 µl of total volume by double distilled water. The PCR profile was 94˚C for 30 sec, 55˚C for 30 sec, and 72˚C for 60 sec for 30 cycles, followed by 72˚C for 10 min. The results were analyzed and quantified by Quantity One software (v4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA). A total of 45 ng purified PCR product was inserted into 140 ng pTARGET vector (A1410; Promega Corporation, Madison, WI, USA). Constructed expression vector (0.8 µg/10 6 cells) was transfected into the aforementioned three cell lines by lipofection using Lipofectamine reagent, according to the manufacturer's protocol. After transfection, cultures were selected with 400 µg/ml G418. Cells of subclones were diluted and seeded to obtain further clones.
Parachute dye-coupling assay. Functional GJC of transfected and paclitaxel-treated cells was evaluated as described by Wang et al (18) . Briefly, cells for analysis were grown to confluence in 6-well plates. Two fluorescent dyes, CM-Dil and Calcein-AM, were used to analyze GJC function. CM-Dil is a membrane dye that is not able to spread to coupled cells. Calcein-AM can be converted intracellularly into the GJC-permeable dye calcein (18) . Donor cells in one well were stained with fresh culture medium containing 10 µg/ml calcein-AM and 5 µg/ml CM-Dil for 30 min at 37˚C. After this incubation, donor cells were washed with culture medium three times to remove unincorporated dye. Donor cells were then trypsinized and seeded onto a monolayer of receiver cells grown in another well. Receiver cells were cultured in a 6-wells plate at 37˚C in an atmosphere containing 5% CO 2 to confluence (10 6 cells/well) when donor cells were seeded. The ratio of donor to receiver was 1:150. Cells were cultured for 4 h at 37˚C in order to allow GJC between donor and receiver cells. GJC function was then measured using a fluorescence microscope (Olympus CKX41; Olympus Corporation, Tokyo, Japan). Red fluorescence of CM-Dil was used to locate donor cells, and green fluorescence of calcein-AM was used to calculate the average number of fluorescent receiver cells around each donor cell. This number was used to represent the degree of GJC function. Five fields of each group were used to calculate.
Paclitaxel treatment and cell survival assay. Stock solutions of 1 µM paclitaxel in dimethyl sulfoxide were freshly prepared and added to wild type (WT) or transfected cell lines at a series of concentrations (0, 1, 5, 20 and 80 nM). Cells with two culture densities (3x10 4 or 1x10 2 cells/cm 2 ) were treated with paclitaxel in a 37˚C incubator for 48 h and then their viability was tested. Briefly, cells were seeded into 6-well dishes. For high density cultures, cells were seeded at 3x10 4 cells/cm 2 density and exposed to paclitaxel when the cells achieved 80-100% confluency, where GJC formation was possible. For low density cultures, cells were seeded at 1x10 2 cells/cm 2 density in 6-well dishes. Following substrate attachment (at 10 h), the cultures were treated with paclitaxel. The inhibitory effects of paclitaxel on cell viability were evaluated using a cell survival assay. Briefly, 20 µl 5 mg/ml MTT solution was added to each well after exposure to paclitaxel for 24 h, and the cells were incubated for 4 h at 37˚C. The cell medium was removed, and 100 µl DMSO was added to dissolve the purple formazan crystals. After 10 min of slow vibration, fluorescence was monitored at a wavelength of 490 nm. Cell viability was calculated as a percentage, where the absorption of cells not treated with paclitaxel (control group) was considered to be 100%. The experiment was repeated three times for each cell line.
Western blot analysis. Cx43 expression in the membrane of WT and transfected cells was analyzed by western blotting.
The WT and transfected clones of the three cell lines were identified. Briefly, the membrane proteins of cells were extracted using a ProteoExtract Native Membrane Protein Extraction kit, according to the manufacturer's instructions, and subjected to western blot analysis of Cx43. Protein content was quantified using BCA reagent. Protein samples were suspended in SDS loading buffer (Beyotime Institute of Biotechnology). After boiling, 50 µg proteins were run on 12% SDS-PAGE gels, then transferred to Immobilon membranes by the semi-dry blot method. ATPase β3 was used as a loading control. The membranes were blocked by blocking reagent (P0023B; Beyotime Institute of Biotechnology) at room temperature for 1 h. The membranes were probed with anti-Cx43 antibody (1:4,000) and anti-ATPase β3 (1:4,000) antibody at room temperature for 1 h, then with anti-rabbit IgG-peroxidase (1:10,000) at room temperature for 1 h using standard techniques. The signals were visualized using ECL Plus and exposed film. Expression levels were quantified using Quantity One software (v4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and normalized against ATPase β3.
For further analysis of other proteins, high density cultured cells were treated with 80 nM paclitaxel at 37˚C in an atmosphere containing 5% CO 2 , and harvested after 12 h of treatment. For the survivin and cyclin B1 expression assays and detection of caspase-3 cleavage, harvested cells were lysed with RIPA lysis buffer supplemented with protease inhibitor mixture (Roche Applied Science, Penzberg, Germany). Cell lysate was used for the western blot assay method described below.
For the detection of α-tubulin polymerization levels, soluble and polymerized tubulins in cell lysate were separated according to a previously published method (19) . In brief, the harvested cells (1x10 6 cells) were lysed at 37˚C with 100 µl hypotonic buffer [1 mM MgCl 2 , 20 mM Tris-HCl (pH 6.8), 2 mM EGTA, 0.5% NP-40, protease inhibitor mixture] for 5 min in the dark. The cell lysate was treated with an additional 100 µl hypotonic buffer and vortexed briefly, then sonicated on ice. The cell lysate was centrifuged at 10,000 x g for 10 min at room temperature. The supernatant contained the soluble tubulin and the pellet fraction included polymerized tubulin. The pellets were resuspended in 200 ml of hypotonic buffer. Expression levels of soluble and polymerized α-tubulin were determined by analysis of the supernatant and resuspended pellets, respectively. The percentage of polymerized tubulin was determined by dividing the densitometric value for polymerized tubulin by the total tubulin (polymerized + soluble) densitometric value.
After quantification of protein concentration using BCA reagents, equal amounts of proteins (20 µg/lane) were loaded onto gel and separated by 12% SDS-PAGE. The gel was transferred to Immobilon membranes by the semi-dry blot method. The membranes were blocked using blocking reagent (P0023B; Beyotime Institute of Biotechnology) at room temperature for 1 h. The membranes were probed with anti-survivin (1:4,000), anti-cyclin B1 (1:4,000), anti-α-tubulin (1:4,000), anti-caspase-3 (1:4,000), anti-β-actin (1:3,000) primary antibodies at room temperature for 1 h and anti-rabbit IgG-peroxidase secondary antibody (1:10,000) at room temperature for 1 h. The signals were visualized by ECL. β-actin was used as a loading control. Expression levels were quantified using Quantity One software and normalized against β-actin. The percentage of cleaved caspase-3 was determined by dividing the densitometric value of cleaved caspase-3 by the total caspase-3 (cleaved + procaspase-3) densitometric value.
Statistical analysis. All data in figures represent the mean ± standard deviation. Statistical analysis was performed by Student's t-test using SPSS software (ver 17.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant result. 
Results

Confirmation of transfection and GJC function.
Membrane expression of Cx43 in WT and Cx43-transfected cells of the three cell lines was analyzed using western blot assays (Fig. 1A and B) . HCT106-WT and HCT116-WT exhibited a lower level of Cx43 expression compared with LoVo-WT. All of the transfected cell lines exhibited a significantly higher level of Cx43 expression compared with their WT counterparts (P<0.05; Fig. 1B) . The results of parachute dye-coupling assays also suggested an association between GJC function and Cx43 expression. All transfected cell lines exhibited a significantly higher level of GJC function compared with their WT counterparts (P<0.05; Fig. 1C-F) . This evidence suggested that GJC in transfected cells was associated with Cx43 expression.
Cx43 enhances paclitaxel-induced apoptosis.
MTT assays indicated that the cytotoxicity of paclitaxel differed between WT and transfected cells (Fig. 2) . High culture density ensures GJC function (20) , and all transfected cell lines with high culture density were significantly more sensitive to paclitaxel compared with their WT counterparts when they were treated with 20 or 80 nM paclitaxel (P<0.05). At lower concentrations of paclitaxel treatment (1 or 5 nM), the cell viability rates of HCT106 and HCT116 were also significantly decreased by transfection with Cx43 (P<0.05 vs. WT). No significant differences in viability rates existed between transfected and WT cells when cells were seeded at low density. Caspase-3 is a frequently activated death protease. The activation of caspase-3 occurs at an early stage of apoptosis (21) . The analysis of caspase-3 revealed that the activated (cleaved) form of caspase-3 was significantly increased in paclitaxel-treated Cx43-transfected cells compared with paclitaxel-treated WT cells from all three cell lines (P<0.05; Figs. 3 and 4A-C) . No significant differences in caspase-3 activation were observed between untreated WT and Cx43-transfected cells (Figs. 3 and 4A-C) .
Cx43 enhances the effect of tubulin polymerization caused by paclitaxel.
Paclitaxel can bind to assembled tubulin and inhibit microtubule disassembly to lock microtubules in a polymerized state (22) . As shown in Figs. 3 and 4D-F, western blotting results indicated that paclitaxel increased microtubule assembly. This increase was significantly higher in Cx43-transfected cells compared with their WT counterparts (P<0.05). In the cells that were not treated with paclitaxel, no significant differences in tubulin polymerization were observed between WT and Cx43-transfected cells (Figs. 3 and 4D-F) .
Cx43 increases cyclin B1 and survivin expression. Arrest of the cell cycle at mitotic phase is a molecular mechanism of paclitaxel-induced cytotoxicity. Cyclin B1 is a regulatory protein involved in mitosis. It has a critical role in regulating cyclin-dependent kinase 1, which initiates progression from the G 2 phase to mitosis (23) . The quantity and activity of cyclin B1 increase through the cell cycle (24) . As shown in Figs. 3 and 4G, the cyclin B1 expression levels in all cells increased markedly after paclitaxel treatment. The increase was significantly higher in transfected cells compared with their WT counterparts (P<0.04). These results suggest that Cx43 promotes the mitotic arrest caused by paclitaxel. Survivin is an anti-apoptotic protein that is highly expressed in cancer. Paclitaxel-mediated mitotic arrest of cancer cells is associated with survivin induction, and survivin expression increases in the G 2 /M phase of cell cycle (25) . As shown in Figs. 3 and 4H , survivin expression levels increased after paclitaxel treatment. This increase was significantly higher in transfected cells compared with their WT counterparts (P<0.05).
Effect of paclitaxel treatment on GJC function. The parachute dye-coupling assay was used to evaluate whether GJC function was inhibited by paclitaxel treatment. GJC function was represented by the mean number of coupled cells, and the results are shown in Fig. 5 . No inhibitory effect on GJC 
Discussion
Cx43 is a structural component of gap junctions, which permits the transfer of small water-soluble molecules (molecular weight <1 kDa) directly between cells without passing through the cell membrane (14) . Paclitaxel and other small molecules involved in apoptosis can be transferred through GJC and the cytotoxic effect is enhanced in Cx43-transfected cells (26) . The effect of Cx43 on cytotoxicity varies in different cell types and with different antitumor drugs. For example, Cx43 expression is upregulated in glioblastoma multiforme cells, which are resistant to a frontline antitumor drug, temozolomide (27) . However, Cx43 enhances paclitaxel cytotoxicity in HeLa cells (28) and cisplatin cytotoxicity in mesothelioma cells (29) . The mechanism of the effect of Cx43 on antitumor drugs is complex; a previous study reported that Cx43 sensitized tumor testicular cells in response to cisplatin but caused normal testicular cells to become resistant to cisplatin (20) . Therefore, three CRC cell lines, LoVo, HCT106 and HCT116, were used in the present study in order to perform a comprehensive analysis of the role of Cx43 in CRC, and it was demonstrated that Cx43 enhanced paclitaxel cytotoxicity in all three of these cell lines.
The expression levels of connexins differ in various types of CRC. Immunohistochemical studies have reported that Cx26, Cx32 and Cx43 are downregulated or relocalized in CRC (30, 31) . These findings suggest that dysregulation of connexins and loss of GJC may be early events in CRC development. However, other studies have reported increased connexin expression in CRC. For example, upregulated Cx43 expression was exhibited in advanced stages of CRC (32) , and high levels of Cx26 were also identified in some colorectal patients with lung metastases (33) . Therefore, connexins may be prognostic markers in CRC and are considered to be potential targets for cancer chemoprevention and chemotherapy.
Previous studies have indicated that Cx43 is able to sensitize cells to apoptosis in response to chemotherapeutic drugs through GJC (18, 28) ; however, another study reported that the role of Cx43 in chemotherapy-induced apoptosis is independent of GJC function (12) . The results of the MTT assay in the current study indicated a role for Cx43 in mediating the apoptosis of CRC cell lines. Cx43-transfected cells exhibited a lower viability rate when treated with paclitaxel (20 or 80 nM) than did their WT counterparts when they were cultured at high density. When cells were sparsely seeded, they were not in contact and not able to form GJC, and there was no significant difference in apoptotic rate between Cx43-transfected cells and their WT counterparts. This evidence indicates that upregulating Cx43 expression level alone does not sensitize CRC cells to paclitaxel, but GJC function increased by Cx43 can increase sensitivity to paclitaxel when the cells are in contact with each other.
Paclitaxel has long been recognized to induce mitotic arrest and tubulin polymerization, both of which lead to cell death (7). The current study indicates that Cx43 promotes these effects in CRC cells. Despite WT LoVo cells exhibiting considerable Cx43 expression levels, the GJC function of these cells was enhanced by Cx43 transfection, and paclitaxel displayed higher cytotoxicity on the transfected LoVo cell line compared with its WT counterpart.
The current results suggest that paclitaxel cytotoxicity is enhanced by Cx43 expression; however, it has previously been reported that paclitaxel inhibits GJC in certain cells, such as epithelial and cervical cancer cells (28, 34) . In a previous study, researchers analyzed the effect of paclitaxel and another agent in the taxane family, docetaxel, on GJC function in HeLa cells. The results revealed that paclitaxel had a stronger inhibitory effect on GJC compared with docetaxel, which resulted in paclitaxel having reduced cytotoxicity compared with docetaxel (28) . The ability of paclitaxel to inhibit GJC in CRC cells was investigated in the present study, and no marked inhibitory effect occurred within 12 h of paclitaxel treatment. Western blotting results also suggested that cells transfected with Cx43 were more sensitive to paclitaxel than were their WT counterparts at 12 h after treatment. These results indicate that the cytotoxicity of paclitaxel was not notably decreased by paclitaxel-induced GJC inhibition in CRC cells. However, measurements of GJC function for longer times after paclitaxel treatment may be inaccurate due to cell shrinkage, which decreases intercellular contact.
In summary, the present study demonstrated the role of Cx43 in paclitaxel-induced cytotoxicity in CRC cells. GJC function in Cx43-transfected cells was upregulated compared with their WT counterparts. The enhancement effect of Cx43 on paclitaxel-induced cytotoxicity is dependent on GJC function. In addition, Cx43 promotes other cellular responses to paclitaxel, such as caspase-3 maturation, mitotic arrest and tubulin polymerization. The current study offers a possible approach for further in vitro and in vivo investigations concerning the effects of Cx43 expression on paclitaxel-treated CRC cells.
